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t ABSTRACT 

Two B r i t i s h  Skylark r e sea rch  rocke t s ,  each c a r r y i n g  a proton  

magnetometer, were flown from t h e  Woomera Rocket Range, South 

A u s t r a l i a ,  i n  March 1964. 

The f i rs t  f l i g h t  merely recorded an approximately i n v e r s e  cube 

l a w  v a r i a t i o n  of magnetic f i e l d  wi th  h e i g h t  bu t  on t h e  second f l i g h t  

a magnet ic  d i s c o n t i n u i t y ,  of approximately 24 gammas ampl i tude ,  w a s  

recorded .  

t h e  times of t h e  two f l i g h t s  and they e s t a b l i s h  expe r imen ta l ly  t h e  

e x i s t e n c e  of an electric c u r r e n t  system i n  t h e  E-region of t h e  

These r e s u l t s  are c o n s i s t e n t  w i t h  ground o b s e r v a t i o n s  a t  

ionosphere  over South A u s t r a l i a .  The h e i g h t  and v e r t i c a l  t h i c k p e s s  

of t h e  c u r r e n t  are, however, no t  i n  close agreement w i t h  t h e o r e t i c a l  

p r e d i c t i o n s .  

.- , L'. 
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INTRODUCTION 

The g e n e r a l l y  accepted  b a s i s  f o r  t h e  exp lana t ion  of t h e  observed 

d a i l y  v a r i a t i o n s  i n  t h e  e a r t h ' s  magnetic f i e l d  i s  to  be  found i t h e  

dynamo theo ry ,  f i r s t  p o s t u l a t e d  by Balfour  S tewar t  i n  a famous grticle r 
i n  t h e  

a r o s e  from t h e  obse rva t ion  t h a t  t h e  ampli tude of t h e  d a i l y  v a r i a t i o n s  

inc reased  by a f a c t o r  of two or  more dur ing  a sunspot  maximum, as 

compared w i t h  t h a t  dur ing  a sunspot  minimum. 

1882 e d i t i o n  of  t h e  Encyclopaedia Br i t ann ica .  H i s  sugge i5 t i o n  ' 

Since  t h i s  l a r g e  f a c t o r  

3 

cou ld  no t  be expla ined  i n  terms of any known phys ica l  changes nea r  t h e  

s u r f a c e  of t h e  e a r t h ,  he  concluded t h a t  t h e  source  of t h e  v a r i a t i o n s  

must l i e  i n  t h e  upper atmosphere and m u s t ,  t h e r e f o r e ,  be  an electric 

c u r r e n t .  S c h u s t e r  (19081, Chapman (1919) and o t h e r  workers later 

e l a b o r a t e d  t h e  dynamo theory  and, us ing  magnetograms recorded a t  v a r i o u s  

o b s e r v a t o r i e s  throughout  t h e  world,  they were a b l e  to  r e p r e s e n t  t h e  

complex and changing a r r a y  of magnetic v a r i a t i o n s  by a r e l a t i v e l y  

s imple  system of  h o r i z o n t a l l y  s t r a t i f i e d  s h e e t  c u r r e n t s ,  s t a t i o n a r y  

eun, b u t ,  r e l a t i v e  to an obse rve r  on t h e  e a r t h ,  con- 

i n g  westwards and varying i n  i n t e n s i t y  w i t h  a predominant ly  . .  
t w e n t y - f d r  hour pe r iod .  

According t o  t h e  dynamo theory  t h e  electric c u r r e n t s  are i n i t i a t e d  

and main ta ined  by a combinat ion of t h e  a c t i o n  of s o l a r  t i d a l  winds and' 

t h e  e f f e c t s  of s o l a r  r a d i a t i o n s  on t h e  upper atmosphere. 

. '. 

As charged 

p a r t i c l e s  are t r a n s p o r t e d  a c r o s s  the  l i n e s  of f o r c e  of t h e , e a r t h ' s  magnetic 

f i e l d  e l e c t r o m o t i v e  f o r c e s  d e f l e c t  t h e  p o s i t i v e l y  charged p a r t i c l e s  i n  

t h e  o p p o s i t e  d i r e c t i o n  from t h e  nega t ive  ones,  thereby  g e n e r a t i n g  a . 

c u r r e n t .  T h i s  c u r r e n t  r a p i d l y  sets  up pr:atfzatfon m_+_ t h s  boundar ies  of 
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l a y e r s  of t h e  ionosphere  i t  f o l l o w s  that,  on a world-wide scale, 

1 

t h e  
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t h e  conduct ing  reg ion  and t h e  e l e c t r i c  f i e l d s  a s s o c i a t e d  wi th  t h i s  

p o l a r i z a t i o n  f u r t h e r  modify t h e  current p a t t e r n .  

is i d e n t i f i e d  by t h e  symbol Sq t o  d i f f e r e n t i a t e  i t  from o t h e r  proposed 

T h i s  c u r r e n t  system 
. I  

c u r r e n t s  r e s p o n s i b l e  for  luna r  (L) v a r i a t i o n  and storm-time ~(D) v a r i a t i o n .  

any p o i n t  then depends on t h e  v e l o c i t y  of t h e  t i d a l  winds producing t h e  

e l e c t r o m o t i v e  f&es,  on t h e  conduc t iv i ty  of t h e  ion ized  gases and on 

! 

I 

t h e  s t r e n g t h  and d i r e c t i o n  of  t h e  e a r t h ' s  magnetic f i e l d .  

Using r o u t i n e  observa tory  magnetograms i t  is  p o s s i b l e  t o  estimate P 
7 . '  

t h e  t o t a l  c u r r e n t  f lowing above any p a r t  of t h e  e a r t h  bu t  a d e t a i l e d  ' 

a n a l y s i s  i s  no t  p o s s i b l e  from ground data a lone .  

d i f f i c u l t  to  assess such f e a t u r e s  as the  h e i g h t ,  v e r t i c a l  t h i c k n e s s  and 

I n  p a r t i c u l a r  i t  is it 1 
i 

any p o s s i b l e  s t r a t i f i c a g i o n  of t h e  c u r r e n t s .  ' {, 
P 

With t h e  advent  of high  a l t i t u d e  sounding r o c k e t s  i n  1946, d i r e c t  

i n - s i t u  meaeutements of a tmospheric  p r o p e r t i e s  became p o s s i b l e  and Ves t ine  

and o t h e r s  (1947) f i r s t  sugges ted  t h a t  rocke t -borne  magnetometers cou ld  be 

used t o  i n v e s t i g a t e  t h e  d i s t r i b u t i o n  of t h e s e  electric c u r r e n t s  w i t h  h e i g h t .  

I 1  Accura t e  de t e rmina t ions  of t h e  c u r r e n t  d e n s i t y  as a f u n c t i o n  of h e i g h t  a t  ! 

i 
F' 
i 
i' 

s e v e r a l  geographica l  l o c a t i o n s  would then test t h e  v a l i d i t y  of t h e  dynamo 

theo ry  and assist i n  i t s  f u r t h e r  development. 
\ 

Assuming fo r  t h e  moment, t h a t  t he  electric c u r r e n t s  are l o c a t e d  i n  ,. I 

! 
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t h e  ionosphere ,  i t  follows t h a t  t h e i r  h o r i z o n t a l  dimensions must b e  

l a r g e  compared w i t h  t h e i r  h e i g h t  and hence, t o  a n  observer  on t h e  ground, 

t h e  Sq c u r r e n t  system can  be  approximated by an i n f i n i t e  s h e e t  c u r r e n t .  

The magnetic f i e l d  a s s o c i a t e d  w i t h  a c u r r e n t  of t h i s  n a t u r e  i s  2rrj gauss ,  
1 

where j i s  t h e  c u r r e n t  d e n s i t y  i n  a b s o l u t e  amps p e r  c e n t i m e t e r ,  and i t  is '- 

independent  of  t h e  h e i g h t  of t h e  c u r r e n t  s h e e t .  Thus, i f  a r o c k e t  v e h i c l e  I 

i 
J 

t s  used t o  c a r r y  a magnetometer, which i s  des igned  to  measure F, t h e  total  

I scalar geomagnetic f i e l d ,  i t  should detect  a d i s c o n t i n u o u s  change of approx- 

i m a t e l y  4nj c o s 1  sir8 i n  p a s s i n g  through t h e  c u r r e n t ,  where I is t h e  i n c l i n a -  I 

t i o n  of t h e  geomagnetic f i e l d  below t h e  h o r i z o n t a l  and 8 is t h e  a n g l e  between 

t h e  d i r e c t i o n  of t h e  c u r r e n t  flow and t h e  local magnetic North. 

. 

i 
i 

I 

I n  a d d i t i o n  to t h e  measurements of v a r i o u s  atmospheric  c u r r e n t  I 
*. ' I 

k 
I 
i 

systems,  

in format ion  on t h e  morphology of t h e  e a r t h ' s  main magnetic f i e l d  and 

s e c u l a r  v a r i a t i o n s  and t o  check t h e  v a l i d i t y  of t h e  v a r i o u s  a t t e m p t s  

which h a v e  been made to d e s c r i b e  t h e  geomagnetic f i e l d  i n  terms of a 

s p h e r i c a l  h a r k n i c  a n a l y s i s .  

rocke t -borne  magnetometers could b e  used to  o b t a i n  more d e t a i l e d  

1 

I 

i 

I 
. f  

I 

I 

* '  

I 
P 
t 
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i 

A compgehensive summary of t h e  v a r i o u s  c i rcumstances  i n  which 

worth-while  magnetic measurements should b e  c a r r i e d  o u t  from r o c k e t s  h a s  

been g i v e n  by Chapman ( 1 9 5 4 ) .  

f l i g h t s  d u r i n g  magnetic d i s t u r b a n c e s  h e  f u r t h e r  s u g g e s t s  that  measurements '. 

I n  a d d i t i o n  to  h i s  recommendations f o r  

i 
2 of t h e  c u r r e n t  systems be undertaken i n  low and middle l a t i t u d e s  d u r i n g  

p e r i o d s  of magnetic calm i n  ,order  to  conf i rm t h e  e x i s t e n c e ' o f  t h e  Sq ! 
4 

c u r r e n t  system and to  i n v e s t i g a t e  i t s  morphology. 
I < 

i 
I 

! 

.0 r 
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The f i r s t  i n - s i t u  d e t e c t i o n  of an i o n s p h e r i c  c u r r e n t  was made, i n  

‘ a p ionee r ing  rocke t  f l i g h t ,  by S inge r ,  Maple and Bowen (1951).  

i n s t a l l e d  a t o t a l - f i e l d  f l u x g a t e  magnetometer i n  an Aerobee rockei t ,  

They 
i 

which reached a h e i g h t  of 105 Km a t  a p o i n t  very  close to  t h e  magnetic 

equa to r l and  succeeded i n  d e t e c t i n g  a magnetic d i s c o n t i n u i t y  of 400 2 50 

gamma. 

C a h i l l  (1959) h a s  r epor t ed  a f u r t h e r  series of e q u a t o r i a l  f l i g h t s  

u s ing  rockoons which were instrumented wi th  p ro ton  magnetometers and 

were launched from: sh ip-board .  
1 -  

I n  p a r t i c u l a r  two f l i g h t s  from t h e  v i c i n i t y  

of J a r v i s  I s l a n d  rgached h e i g h t s  of 120 and 130 Km and d e t e c t e d  anomalous 

d e p a r t u r e s  from a d i p o l e  f i e l d  of -150 gamma and-300.gamma r e s p e c t i v e l y ,  

t h e  exper imenta l  e r r o r  i n  t h e  obse rva t ions  be ing  2 20 gamma. The second 

.e 

f l i g h t  also i n d i c a t e d  some s t r a t i f i c a t i o n  of t h e  e l e c t r o j e t  i n t o  two 

l a y e r s ,  though t h e  upper l a y e r  was not completely pene t r a t ed .  

Magnetic anomalies ,  of s e v e r a l  hundred gamma ampli tude,  a s s o c i a t e d  
I 
! 

w i t h  1oca l ized . in tense  electric c u r r e n t s  i n  au ro rae  have also been d e t e c t e d  

- .  
(Meredi th  et’.al 1958). 

I n  l a t i t u d e s  away from t h e  geomagnetic equa to r  b u t  t h e  s u c c e s s f u l  d e t e c t i o n  

of  t h e  Sq c u r r e n t  system, i n  these l a t i t u d e s ,  h a s  n o t  been r e p o r t e d  (Maple 

e t  a1 1950, Heppner e t  a1 1958, Marks and Conley 1959, Conley 1960, 

Hutchinson and Shuman, 1961). 

A number of o t h e r  rocke t  f l i g h t s  have taken  p l a c e  

I n  a c o n s i d e r a t i o n  of t h e  dynamo theory  t h e  magnetic equa to r  c o n s t i t u t e s  

a s p e c i a l  case i n  which e l e c t r i c - f i e l d s ,  caused by p o l a r i z a t i o n  

e f f e c t s  i n  t h e  ionosphere ,  r e s u l t  i n  a c o n s i d e r a b l e  enhancement of t h e  

* 
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c u r r e n t  d e n s i t y  du r ing  t h e  middle d a y l i g h t  p e r i o d ,  i n  a band approximately". 

3' of l a t i t u d e  wide; t h i s  r e s u l t s  i n  a magnetic d i s c o n t i n u i t y  of magnitude 

s e v e r a l  hundred gamma as d e t e c t e d  by a rocke t -bo rne  magnetometer. I n  mid- 

l a t i t u d e s ,  however, t h e  Sq magnetic v a r i a t i o n s  are much smaller and hence 

t h e  problem of d e t e c t i n g  t h e  pos tu l a t ed  i o n o s p h e r i c - c u r r e n t s  is more 

d i f f i c u l t .  

ESTIMATED GEOMAGNETIC EFFECTS 

A rough estimate of t h e  amplitude. of a d i s c o n t i n u i t y ,  which might 

be expec ted  i n  t h e  t o t a l  scalar f o r c e  i-n pas s ing  through t h e  p o s t u l a t e d  

electric c u r r e n t  above Woomera, can be made as f o l l o w s .  

The r o c k e t  launching s i t e  at Woomera, f rom where B r i t i s h  Sky la rk  

r o c k e t s  are normally f i r e d ,  is s i t u a t e d  a t  L a t .  30' 56'S,  Long. 1360311E, 

Geomagnetic L a t .  -41.0 . 0 

F i n .  1 shows t h e  p o s i t i o n  of Woomera, a t  l o c a l  midday and midnight,  

relative,to t h e  Sq c u r r e n t  system, as g iven  by Chapman and Bartels (1940). 

I t  is immediately e v i d e n t  t h a t  t h e  focus  of t h e  Southern  p a t t e r n  p a s s e s  ve ry  

close to Woomera. I n  f a c t  t h e  magnetograms recorded  a t  Gnangara, i n  Western 

A u s t r a l i a  (La t .  31. 47'S), i n d i c a t e  t h a t  ' t he  f o c u s  p a s s e s  t o  t h e  n o r t h  of 

t h a t  o b s e r v a t o r y  on about 609. of days,  t o  t h e  sou th  on about 10% and overhead 

on about  309. ( P r i v a t e  communication from P.  M. McGregor, Mundaring Geophysical 

Obse rva to ry ,  Western A u s t r a l i a ) .  Normally, t h e r e f o r e ,  Z, t h e  v e r t i c a l  com- 

ponent  of F, shows t h e  g r e a t e s t  d i u r n a l  v a r i a t i o n  a t  ground l e v e l .  2 is, 



, 
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however, cont inuous  i n  pass ing  through t h e  c u r r e n t  s h e e t  and so cannot  

c o n t r i b u t e  apprec i ab ly  to  any d i s c o n t i n u i t y .  F ig .  2 shows t h e  mean 

monthly v a r i a t i o n s  i n  X and Y, t h e  h o r i z o n t a l  components of F, f o r  

q u i e t  days dur ing  1938 a t  t h e  Watheroo Magnetic Observatory (3Oo19'S, 

115053'E, geomagnetic L a t .  - 4 1 * 8 O  Long, 185.60) . 
a t  Watheroo (now removed t o  Gnangara) was a t  approximately t h e  same magnetic 

l a t i t u d e  as Woomera i t  i s  reasonable  t o  assume t h a t  t h e  magnetograms from 

an obse rva to ry  at  Woomera would be  very similar at corresponding local 

t i m e s .  I n  Fig.  2, Y, t h e  E-W component, shows maximum v a r i a t i o n  but ; , s ince  , I 

S i nce  t h e  observa tory  

t h i s  component i s  almost normal t o  F, it  w i l l  c o n t r i b u t e  very l i t t l e  and 

hence i t  i s  t h e  v a r i a t i o n  i n  X which can be expected t o  be  mainly r e s p o n s i b l e  

I 

f o r  any d i scon t inuous  change i n  F. The maximum v a l u e  of AX occur s  a t  09.00+_ I 

4 

1 hours  i n  August, when i t s  v a l u e  i s  about 20 gamma d i f f e r e n t  from t h e  ! 
*. 

n igh t - t ime  va lue .  

c u r r e n t s ,  t h e  actual d i s c o n t i n u i t y  i n  X w i l l  be  roughly 0.75 x . 2  x 20 = 30 

Since  a t  least 25% of t h i s  w i l l  be due t o  induced e a r t h  

' I  

gamma and thie lesds t o  an es t ima ted  d i s c o n t i n u i t y  i n  F of 30 cos 63 = 14 i 

i 
I gamma, since the i n c l i n a t i o n  a t  Woomera i s  63O. Thus t h e  average d i s c o n t i n u i t y  

which might be expected i n  pas s ing  through t h e  Sq c u r r e n t  over  Woomera is  about  
i 
i 

an o r d e r  of magnitude less than t h a t  which has  been d e t e c t e d  at t h e  geomagnetic I 

equa to r .  

o f  c o u r s e ,  vary  cons ide rab ly  according t o  t h e  p r e c i s e  l o c a t i o n  of t h e  focus  

The a c t u a l  e f f e c t  which might b e  encountered on any given  day cou ld ,  

of  t h e  c u r r e n t  system and t h e  magnetic c o n d i t i o n s  p r e v a i l i n g  a t  t h e  t i m e .  . 
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IN STRU bENTAT I ON 

The magnetometer and d a t a  process ing  t echn ique  which was used 

f o r  t h e s e  f l i g h t s  ha6 been d i scussed  i n  d e t a i l ,  t o g e t h e r  w i th  t h q  i r e s u l t s  

of an in s t rumen t  proving f l i g h t  (Burrows 1964). Although a h o r i z o n t a l  

component magnetometer would have s i m p l i f i e d  t h e  problem of  d e t e c t i n g  an 

Sq c u r r e n t  d i s c o n t i n u i t y  t h e  Skylark  rocke t  cannot  y e t  be  s t a b i l i z e d  t o  

t h e  deg ree  r equ i r ed  f o r  u s e f u l  measurements of magnetic components; a total  

f o r c e  in s t rumen t  was t h e r e f o r e  developed us ing  t h e  p r i n c i p l e  of n u c l e a r  free 
' p r e c e s s i o n  (Packard and Var ian  1954, Waters and F r a n c i s  1956, Waters and 

F r a n c i s  1958, Burrows 1959).  The d a t a  of t h i s  ins t rument  are i n  t h e  form 

of damped s ine-wavesthe frequency of  which is an analogue of  t h e  total  

scalar magnetic force; it produces approximately one a b s o l u t e  de t e rmina t ion  

* of  F p e r  second. 

I n  view of t h e  small a n t i c i p a t e d  magnetic d i s c o n t i n u i t y  i t  was 

e s s e n t i a l  to  remove t h e  sens ing  head well o u t  of range of t h e  magnetic f i e l d  

p e r t u r b a t i o n s  due t o  v a r i o u s  o t h e r  rocke t  i n s t rumen ta t ion .  

. I  

1 .  

I n  a s t anda rd  Skylark  rocke t  t he  two p r i n c i p a l  sources of magnetic , 

i n t e r f e r e n c e  are t h e  mild steel tube  of t h e  Raven motor and t h e  magnet of 

t h e  6 c m  magnetron used i n  t h e  "Missile Tracking System". 

M.T.S. magnetron w a s  enc losed  i n s i d e  a magnetic s h i e l d  and t h e  magnetometer '* 

Accordingly t h e  

s e n s o r  was mounted on t h e  end of a f l e x i b l e  pneumatic probe.  

During t h e  r o c k e t s  ascent through t h e  atmosphere t h e  probe was fo lded  

i n s i d e  a 12" d iame te r  c a n i s t e r  mounted i n  t h e  main body of t h e  rocke t .  
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A f t e r  t h e  r o c k e t s  had passed through t h e  dense  atmosphere t h e  s p e n t  motor 

t u b e  w a s  e j e c t e d ,  by means of t h r e e  pneumatical ly  o p e r a t e d  p l u n g e r s ,  and 

t h e  probe w a s  deployed t o  i t s  f u l l  l e n g t h  of  20 f e e t ,  a t  which range  

t h e  r e s i d u a l  magnetic f i e l d s  a s s o c i a t e d  w i t h  t h e  r o c k e t  were n e g l i g i b l e .  

T h i s  technique  c o n s i d e r a b l y  s i m p l i f i e d  t h e  problem of main ta in ing  

adequate  magnetic c l e a n l i n e s s  i n  o t h e r  r o c k e t  i n s t r u m e n t a t i o n .  

I n  t h e  two r o c k e t  f l i g h t s  d i scussed  i n  t h i s  paper  t h e  pro ton  mag- 

netometer  was c l a s s e d  as a secondary experiment ,  t h e  pr imary o b j e c t  of 

t h e  f l i g h t s  be ing  t h e  measurement of t h e  f l u x  of gamma r a y s  i n  t h e  primary 

cosmic r a d i a t i o n  (Southampton Univers i ty)  . The r o c k e t s  also c a r r i e d  

s p o r a d i c  E detectors ( U n i v e r s i t y  College, London), x - ray  cameras (Leicester 

U n i v e r s i t y )  and, f o r  a t t i t u d e  and performance d e t e r m i n a t i o n ,  sun s l i t s ,  

f l u x g a t e s ,  rate gyroscopes and accelerometers (Royal Aircraft Es tab l i shment ,  

Farnborough) . 
' b .  

I n  c o n j u n c t i o n  w i t h  the r o c k e t  f l i g h t s  a ground pro ton  magnetometer 
I 

(Burrows 1963) was o p e r a t e d  t o  record t h e  d i u r n a l  v a r i a t f o n  i n  F and a 

f l u x g a t e  ins t rument ,  k i n d l y  loaned by t h e  Bureau of Mineral  Resources, 

Melbourne, recorded  H, t h e  h o r i z o n t a l  component. H w a s  selected as being 

t h a t  component of t h e  S q  v a r i a t i o n  f i e l d  which i s  d i s c o n t i n u o u s  i n  pass ing  

through t h e  p o s t u l a t e d  c u r r e n t  s h e e t  as d i s c u s s e d  above. 

I n  f l i g h t  t h e  r o c k e t s  were t racked  by means of k i n e - t h e o d o l i t e s ,  

r a d a r  t y p e  FPS16 and t h e  M.T.S. beacon t r a n s m i t t e r ,  a l l  s t a n d a r d  range  

f a c i l i t i e s  a t  Woomera. 

Raven s o l i d  f u e l  motor and a "cuckoo" booster, 

t h e  Skyiaric sounding rocitec has been giveii by Hazel? a i d  &r?ing 4195%. 

Each r o c k e t  was powered by a combination of a 

A f u l l  d e s c r i p t i o n  of 

i 

i 
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I 

DATA PROCESSING 

During f l i g h t  t h e  pro ton  precess ion  s i g n a l s  were re layed  v i a  t h e  

s t anda rd  Skylark  II465" t e l eme t ry  system (Rae, 1946) and recorded,  t o g e t h e r  

w i th  a s t anda rd  50 Kcps r e f e r e n c e  s i g n a l  and t iming c o d e , ' o n  an "Ampex" 

m u l t i  channel  t a p e  r eco rde r .  

During play-back t h e  s i g n a l / n o i s e  ra t io  of t h e  raw d a t a  was improved 

by means of  a manually c o n t r o l l e d  t r ack ing  f i l t e r  and t h e  s i g n a l s  were 

mixed w i t h  a s u i t a b l e  r e f e r e n c e  frequency d e r i v e d  from t h e  50 Kcps 

s t anda rd  recorded on t h e  same tape .  

f requency ,  due t o  t a p e  speed v a r i a t i o n s ,  were, t o  a f i r s t  o rder ,  compensated. 

By t h i s  means v a r i a t i o n s  i n  p recess ion  

A f u l l  d e s c r i p t i o n  of t h e  appa ra tus  and t h e  data reduc t ion  t echn ique  

. employed h a s  been g iven  by Burrows (1964). 

Fig .  3 shows a sample of t h e  b e a t s  de r ived  from f l i g h t  SL 129 

, ob ta ined  by t h i s  method recorded toge the r  w i th  a 1mS t iming code. 

The p recess ion  f r equenc ie s ,  and hence magne t i c - f i e ld  r ead ings ,  

were computed m a n u d l y  by coun t ing  t h e  number of b e a t s  i n  a t i m e ,  measured . 

from t h e  t iming  code,  and adding t h e  bea t  f requency ,  thereby  de r ived ,  to 

t h e  a c c u r a t e l y  known r e f e r e n c e  frequency.  The advantage of t h i s  manual 

t echn ique  ove r  a f u l l y  automatic  approach i s  t h a t ,  where t h e  s i g n a l  i s  

of ampl i tude  comparable w i t h  n o i s e  or i n t e r f e r e n c e ,  s h e  regular beats can 

be seen  and random n o i s e  rejected. 

RESULTS 

A) Ground Data 

. 
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F i g .  4 shows t h e  r e c o r d s  of t h e  d i u r n a l  v a r i a t i o n  i n . F  which were 

obta ined  from t h e  ground pro ton  magnetometer a t  Woomera fo r  seven con- 

s e c u t i v e  d a y s ,  s t a r t i n g  on t h e  d a t e  of t h e  f i r s t  r o c k e t  f l i g h t .  The 

ins t rument  measures t h e  per iod  of 1024 c y c l e s  of t h e  p r e c e s s i o n  s i g n a l s  

. 

i n  u n i t s  of second and records the  last  t w o  d i g i t s ;  i n  t h e  ambient ' 

f i e l d  a t  Woomera t h i s  corresponds t o  a f u l l  scale d e f l e c t i o n  of 143 gamma. 

V' 

S i n c e  t h e ' f i r s t  t h r e e  d i g i t s  were i n v a r i a n t  a t  413 t h e  a b s o l u t e  v a l u e  of 

t h e  to ta l  force of t h e  geomagnetic f i e l d  w a s  t y p i c a l l y ,  58,210 gamma. I n  
4 

making t h e  records of Fig .  4 t h e  ins t rument  was set to t a k e  one  reading  

p e r  f i v e  minutes .  

I 

It  should be  not'ed t h a t  a l l  seven r e c o r d s  are similar,. 
1 

i n  general form and ampli tude of t h e  peak d i u r n a l  v a r i a t i o n ;  indeed a l l  

I the r e c o r d s  taken ,  on magnet ica l ly  undis turbed  days,  d u r i n g  t h e  t h r e e  

months t h e  ins t rument  was i n  o p e r a t i o n  at Woomera are similar i n  c h a r a c t e r  1 

to  t h o s e  reproduced i n  F i g u r e  4 .  i 
\ ! 

. !  F i g .  5 shows the H magnetograms recorded  by t h e  f l u x g a t e  magnetometer, ! 

, '1 at Woomera on t h e  1 0 t h  and, 1 2 t h  March 1964, t h e  days  of 
f 

f l i g h t s .  t l  1; 
i 
! 

. ;  

the two rocket i: 

A comparison of f i g u r e s  4 and 5 i n d i c a t e s  t h a t ,  on t h e  1 0 t h  and 

1 2 t h  March t h e  d i u r n a l  v a r i a t i o n s  i n  F were very similar i n  ampl i tude  
i 

( 2 1  gamma and 24 gamma r e s p e c t i v e l y )  whereas t h e r e  was a much l a r g e r  
I 

% n e g a t i v e  v a r i a t i o n  i n  H on t h e  second day. T h i s  s u g g e s t s  t h a t  on t h e  ?. 

1 0 t h  March t h e  f o c u s  of t h e  Sq c u r r e n t  p a t t e r n  passed n e a r l y  overhead at  

Woomera whereas on t h e  12 th  March i t  was s i t u a t e d  a t  a s i g n i f i c a n t l y  

! lower l a t i t u d e .  The 1 2 t h  March was, t h e r e f o r e ,  a much more s u i t a b l e  
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day f o r  t h e  d e t e c t i o n  of a magnetic d i s c o n t i n u i t y  a t  Woomera. 

FLIGHT DATA 
- 

Skylark  SL 129 was f i r e d  a t 0 2 0 6  h r s .  U.T. (11.36 h r s .  A u s t r a l i a n  

C e n t r a l  S tandard  Time) on t h e  10 th  March 1964; i t  reached a h e i g h t  of 

175 Km and impacted a t  a p o i n t  77 K m  down range  on a b e a r i n g  of 

r e l a t i v e  t o  t h e  launcher .  Skylark SL 128 was f i r e d  a t  02.07 h r  U.T. 
P26*60T 

(11.37 h r .  A.C.S.T.) on t h e  12 th  March 1964; it 

175 Km and impacted a t  a p o i n t  77 K m  down range  

of 285.7OT, kpproximate ly  54 Km from t h e  impact 

reached a h e i g h t l o f  

on a r e l a t i v e  bear ing  

point of SL 129. On 

both  f l i g h t s  t h e  pro ton  magpetometers f u n c t i o n e d  s a t i s f a c t o r i l y  and 
e ,  

produced d a t a  cont inuous ly  from t h e  time of probe  deployment u n t i l  

t h e  s e n s i n g  head was t o r n  o f f  as t h e  r o c k e t s  r e - e n t e r e d  t h e  e a r t h ' s  

at mos p h e  re. 

The accuracy  of each  reading  depends on t h e  a t t i t u d e  of t h e  r o c k e t  

a t  t h e  time,as a consequence of t h e  v a r i a t i o n  of s i g n a l  ampli tude w i t h  

t h e  a n g l e  between t h e  axis of t h e  sens ing  head and t h e  geomagnetic 

-vector, (Burrows 1964); hence,  as t h e  r o c k e t s  tumbled i n  f l i g h t ,  t h e  

scatter of t h e  r e a d i n g s  about t h e  mean v a l u e s  varies from iess than  

1 gamma to  a maximum of about  10 gamma. A l l  t h e  r e a d i n g s  which were 

o b t a i n e d  have, however, been used i n  t h e  computat ions and d i s c u s s i o n s  

which f o l l o w ,  The f i r s t  one or two readings  of each f l i g h t  are of dubious 

v a l u e  as, a t  t h i s  time, t h e  probes were s t i l l  be ing  i n f l a t e d  and t h e  

s e n s i n g  heads were probably s t i l l  under t h e  i n f l u e n c e  of t h e  r o c k e t ' s  

magnet ic  f i e l d s .  

+. 

I t  is w e l l  known t h a t  r o t a t i o n a l  motions of a pro ton  sensing h e 4  

- 



4 - 12  - 

i n t r o d u c e  a frequency modulation i n  the p r e c e s s i o n  s i g n a l  (Bloom 1955, 

Hall 1962).  I n  p r a c t i c e ,  however, t h e  f l u x g a t e  data showed that  S k y l a r k s  

129 and 128 precessed  w i t h  p e r i o d s  of 23 seconds and 35 seconds respec-  

t i v e l y ;  t h e  errors from t h i s  c a u s e ,  w h i l s t  n o n - t h e - l e s s  d e t e c t a b l e ,  are 

small and have been neglec ted .  I 

! 
. !  The magnetometer d a t a  have been compared w i t h  v a l u e s  of magnetic 

to ta l  f o r c e  c a l c u l a t e d  on t h e  b a s i s  of s p h e r i c a l  harmonic a n a l y s e s  

u s i n g  c o e f f i c i e n t s  d e r i v e d  by Leaton and Evans (1964) and by Cain e t  a1 

d 

I 
I 

i 
(1962, 1964a, 1964b). The d i f f e r e n c e s  between measured values and v a l u e s  t 

o b t a i n e d  from t w o  of t h e  r e f e r e n c e  f i e l d s  are shown i n  f i g u r e s  6 and 7. I 

! 
\ 

t 

. The agreement between measured and computed f i e l d s  depends mainly > 

L 
on t h e  c o e f f i c i e n t s  used b u t  a l s o  t h e r e  i s  a second o r d e r  d i f f e r e n c e  i 

1 
between t h e  upward and downward s e c t i o n s  of each f l i g h t .  Thus when i 

1 $ 

'. 
I 

I 
i 

i 
A p r i l  ' 6 4  c o e f f i c i e n t s  are used t h e r e  i s  c l o s e  agreement between t h e  

t w o  sections of t h e  f l i g h t  of SL 128 b u t  a large scatter i n  f l i g h t  

SL 129; on t h e  o t h e r  hand u s i n g  Leaton and Evans c o e f f i c i e n t s  leads 

to  a b e t t e r  agreement i n  t h e  case of SL 129 whereas t h e  upward and 

'3 

; I t 
ir 
c 
1%. 

i' 
downward f l i g h t s  can now b e  r e s o l v e d  i n  f l i g h t  SL 128. (cf. f i g s .  

i: r 
! c 

6 and 7 ) .  A s  no ted  earlier,  t h e  t r a j e c t o r i e s  of t h e  two r o c k e t s  were 

s i g n i f i c a n t l y  d i f f e r e n t  and t h e s e  secondary d i s c r e p a n c i e s  must reflect 

t h e  d i f f e r e n t  g r a d i e n t s  of t h e  errors of t h e  two computed f i e l d s  a long 
! 

t h e  t r a c k s  of t h e  t w o  r o c k e t s .  I 
I . 
h 

I n  o r d e r  to  p r o v i d e  a q u a n t i t a t i v e  comparison between t h e  a b i l i t i e s  

of t h e  v a r i o u s  r e f e r e n c e  f i e l d s  a c c u r a t e l y  to. d e s c r i b e  t h e  e a r t h '  s main 

i 
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f i e l d  a t  t h e  p a r t i c u l a r  l o c a t i o n  of Woomera, t h e  v a l u e s  of measured 

f i e l d  minus computed f i e l d  (de f ined  as DEL), a t  t h e  apogee of f l i g h t  

SI. 128, are l i s t e d  below: 

* C o e f f i c i e n t s  DEL 

Leaton and Evans (1964) +44 2 3 gamma 

Vanguard A (Cain e t  al, 1962) -75 2..3 gamma 

A p r i l  64 (Cain e t  al, 1964a) -118 2 3 gamma 

Vanguard B (Cain e t  al,1964b) -992 2 3 gamma 

I n  s p i t e  of t h e s e  d i f f e r e n c e s  i n  d e t a i l ,  as between t h e  f l i g h t  

r e s u l t s  u s ing  d i f f e r e n t  r e f e r e n c e  f i e l d s ,  t h e  g e n e r a l  form of t h e  

v a r i a t i o n  of DEL w i t h  

c o e f f i c i e n t s  are used 

IONOSPHERIC CURRENTS 

As s t a t e d  above, 

h e i g h t  i s  c o n s i s t e n t ,  r e g a r d l e s s  of which 

i n  c a l c u l a t i n g  the  r e f e r e n c e  f i e l d s .  

f i g .  5 shows t h a t  t h e  f l i g h t l o f  SL 129 took 

p l a c e  whea t h e  f o c u s  of t h e  Sq c u r r e n t  system was close t o  overhead 
I ,  

at Woomerd"sfnd t h e  v a l u e  of AH recorded a t  t h e  t i m e  of t h e  f l i g h t  

i s  c l o s e  to  t h e  mean va lue .  It is not  t h e r e f o r e  s u r p r i s i n g  t h a t  

t h e  f l i g h t  d a t a  (F ig .  7 ( l e f t ) )  do n o t  show any s i g n i f i c a n t ,  - . \ 

d i s c o n t i n u i t y ,  which could  wi th  confidence be a t t r i b u t e d  t o  a c u r r e n t  

s h e e t .  

The f l i g h t  of SL 128 however occurred when t h e  magneti; c o n d i t i o n s  

a t  Woornera were much more f a v o r a b l e  f o r  t h e  d e t e c t i o n  of a d i s c o n t i n u i t y .  

As discuss 'ed  above, a t  t h e  time of the f l i g h t  t h e  f l u x g a t e  magnetoLeter 
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recorded  a s i g n i f i c a n t  d e p a r t u r e  from t h e  n i g h t t i m e  v a l u e  (F ig .  5). The 

Kp index  f o r  t h e  a p p r o p r i a t e  3 hour per iod  was 4 (Lincoln  1964)  but  t h e  

pro ton  magnetometer r eco rd  shows t h a t ,  a t  Woomera, t h e  d i u r n a l  magnetic 

v a r i a t i o n  was normal and und i s tu rbed  excep t  f o r  minor f l u c t u a t i o n s  (F ig .  4). 

The reduced d a t a  from t h e  rocke t -bo rne  magnetometer show an unmis takeable  

change i n  s l o p e  a t  a h e i g h t  of about  104 Kin fo l lowed by a r e t u r n  t o  t h e  

o r i g i n a l  s l o p e  a t  about 115 K m  ( F i g .  7 ( r i g h t ) ) .  T h i s  i n d i c a t e s  t h a t ,  d u r i n g  

t h i s  t i m e ,  t h e  r o c k e t  passed through an e lec t r ic  c u r r e n t  and t h e  s i g n  of t h e  

d i s c o n t i n u i t y  conf i rms  t h a t  t h e  c u r r e n t  w a s  f lowing  i n  a d i r e c t i o n  having  

a w e s t e r l y  component. 

downward p o r t i o n s  of t h e  f l i g h t .  ?he absence of any similar d i s c o n t i n u i t y  

d u r i n g  t h e  rest of t h e  f l i g h t  up t o  apogee i n d i c a t e s  t h a t  no o t h e r  c u r r e n t  

system, of comparable magnitude, was f lowing  i n  t h i s  h e i g h t  range  a t  t h e  

t i m e  of t h e  r o c k e t  f l i g h t .  

e .  

T h i s  anomaly is  recorded on b o t h  t h e  upward and 

I n  o r d e r  t o  measure t h e  amplitude of t h e  magnetic d i s c o n t i n u i t y  and 

to  compare i t  wi th  t h a t  which would be  a n t i c i p a t e d  on t h e  b a s i s  of ground 

d a t a  t h e  upward and downward f l i g h t  d a t a  are each p l o t t e d  s e p a r a t e l y  in 

F i g .  8 ,  s i n c e  they  c o n s t i t u t e  two independent measurements. The mean 

r e l a t i v e  d isp lacement  of t h e  upper and lower p o r t i o n s  of the c u r v e s  is 

24 2 3 gamma. 

l a t e d  on t h e  b a s i s  of t h e  ground d a t a ,  as desc r ibed  above. 

of t h e  f l i g h t  t h e  d e v i a t i o n  of H from t h e  und i s tu rbed  n i g h t t i m e  v a l u e  

was -35 2 2 gamma, t h e  u n c e r t a i n t y  being due  t o  t h e  d i f f i c u l t y  i n  

T h i s  exper imenta l  f i g u r e  can be compared w i t h  one calcu- 

A t  t h e  time 

s e l e c t i n g  t h e  und i s tu rbed  va lue .  This  l e a d s  t o  an expected d i s c o n t i n u i t y  

i n  F o f  between 23 and 26 gamma, making t h e  approximat ions  and on t h e  
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assumptions d i s c u s s e d  above. 

The magnetic d i s c o n t i n u i t y ,  which w a s  observed i n  f l i g h t  t h e r e f o r e  

I a g r e e s  very c l o s e l y ,  both i n  ampli tude and i n  s i g n ,  w i t h  what would b e  
I 

I ’  

a n t i c i p a t e d  on t h d  b a s i s  of t h e  ground o b s e r v a t i o n s  a t  t h e  t i m e .  T h i s  

l e n d s  s u p p o r t  to t h e  b e l i e f  t h a t ,  a t  t h e  l a t i t u d e  of Woomera, t h e  c u r r e n t s  
I. 

r e s p o n s i b l e  f o r  t h e  normal d i u r n a l  magnetic v a r i a t i o n s  are c o n c e n t r a t e d  

almost e n t i r e l y  i n  a s i n g l e  ’ l a y e r ,  extending from approximately 104 Krn ‘, 

up t o  approximately 115 K m ,  i n  t h e  E region of  t h e  ionosphere;  fu thermore  

on t h e  basis of t h e  assumption t h a t  2% of t h e  observed d i u r n a l  variations 

are due  to  induced e a r t h  c u r r e n t s ,  t hese  r e s u l t s  also .imply t h a t  any I 

1 ,  
I 
.I 

n i g h t t i m e  ionosph ic  c u r r e n t s  must be much smaller than  those which 
1 , ’  
t .  

have been demonstrated to f low dur ing  t h e  daytime. 
I .  

i Many a t t e m p t s  have been made t o  c a l c u l a t e  t h e  way i n  which t h e  

electrical c o n d u c t i v i t y  of t h e  ionosphere should vary  w i t h  h e i g h t  a t  I 
! 

d i f f e r e n t  geomagnetic l a t i t u d e s  u s i n g  a v a r i e t y  of s i m p l i f i e d  models 

of t h e  atmosphere (Baker and Martyn 1952, F e j e r  1953, Chapman 1956, 

R a t c l i f f e  and Weekes 1960, Maeda and Matsumoto 1962). 

any ver t ical  gradients of t i d a l  wind v e l o c i t y  t h e s e  t h e o r e t i c a l  results 

can  be used to  make a rough estimateof tbe v e r t i c a l  d i s t r i b u t i o n  of c u r r e n t  

d e n s i t y  which might b e  encountered.  

t h e  e q u a t o r i a l  e lectrojet ,  which were d e t e c t e d  by t h e  earlier f l i g h t s  

of  S i n g e r  e t  a1 and C a h i l l ,  agreed reasonably well  w i t h  t h e  F h e o r e t i c a l  

c a l c u l a t i o n s  as they  a p p l i e d  to t h e  special c o n d i t i o n s  a t  t h e  geomagnetic 

t 

By n e g l e c t i n g  

‘ ;; r .  

The h e i g h t s  of t h e  c u r r e n t s  i n  
1 

i,* 
<: 

, I  

. !#. , 

t:. ’. 
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t h e  v e r t i c a l  morphology of t h e  c u r r e n t  p a t t e r n ,  a t  t h e  m i d - l a t i t u d e  

l o c a t i o n  of Woomera, as they  apply a t  least a t  t h e  time of t h e  f l i g h t  t I 

r 

of SL 128, and to  compare t h e s e  empir ica l  r e s u l t s  wi th  t h e  t h e o r e t i c a l  
I 

p r e d i c t i o n s .  As noted above it  appears  t h a t  t h e  electric , c u r r e n t s  were 

c o n c e n t r a t e d  i n  a s i n g l e  l a y e r  of t h e  E r e g i o n  of  t h e  ionosphere and 

t h e  upper  and lower boundaries  of t h i s  l a y e r  were both  q u i t e  s h a r p l y  

d e f i n e d .  The l a y e r  w a s ,  however, cons iderably  t h i n n e r  and was located 

somewhat lower i n  a l t i t u d e  than would be  p r e d i c t e d  on t h e  b a s d s  of t h e  
* 

c a l c u l a t i o n s .  T h i s  conclus ion  impl ies  t h a t  e i t h e r  t h e  models, w , i c h  i 
have been used to  c a l c u l a t e  t h e  c o n d u c t i v i t y  p r o f i l e s ,  do n o t  d e s c r i b e  

t h e  p h y s i c a l  c o n d i t i o n s  

I 

s u f f i c i e n t l y  a c c u r a t e l y  a t  m i d - l a t i t u d e s  o r ,  

more l i k e l y ,  t h a t  t h e r e  e x i s t e d  above Woornera a t  t h e  t i m e  of t h e  f l i g h t  

a s i g n i f i c a n t  v e r t i c a l  g r a d i e n t  of t h e  t i d a l  wind v e l o c i t y  and t h i s  must 

be taken  i n t o ’ a c c o u n t  i n  any c a l c u l a t i o n s  of t h e  v e r t i c a l  morphology of 

t h e  i o n o s p h e r i c  electric c u r r e n t s  ; g r a d i e n t s  of t h i s  n a t u r e  have been . 

i 
I 

I 

,: 

i 

I i: I 

I,, 

observed  dh ing  several n i g h t t i m e  r o c k e t  f l i g h t s  using sodium vapour  1. 

F 
LA’ 

!. 
t” 

>, 

1.. , I 

t e c h n i q u e s  (Koehanski, 1964) bu t  no reliable wind measurements, during 

t h e  mid-dayl ight  hours  a t  t h e  h e i g h t s  of t h e  observed e u r r e n t  l a y e r ,  

?> have been r e p o r t e d ,  
i’ 

, 
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i FIGURE LEGENDS 

F i g .  1. The p o s i t i o n  of Woomera r e l a t i v e  t o  

"I I. ., _ _  

I 
i 

t 

i t h e  Sq c u r r e n t  system 

f o r  t h e  equinox of a sunspot  minimum, ( l e f t )  a t  mid-day as 

viewed from t h e  sun and ( r i g h t )  a t  mid-night as viewed from 

t h e  n i g h t  hemisphere ( a f t e r  Chapman and Bartels) . The f low 

between a d j a c e n t  c u r r e n t  l i n e s  is 10,000 A. 

Hourly means of  A$ and Ay f o r  q u i e t  days  a t  Watheroo, 1938. 

Sample r eco rd  of b e a t s  ob ta ined  by p rocess ing  of raw d a t a .  

F i g .  2. 

F i g .  3. 
I 

(Dura t ion  of r eco rd  approximately 0.5 second) i 

F i g .  4. Ground P ro ton  Magnetometer Records, l o t h  - 16 th  March 1964, 

F u l l  scale d e f l e c t i o n  of each r eco rd  = 143 gamma. 

Timing marks are l o c a l  t i m e  a t  Woomera ( c U.T. +9% hours ) .  

mera. 

b 

I 

.I , . . . ... 
I.. ' 

! "  

r 

on of H on t h e  deys of t h o  

s t r e n g t h  d e c r e a s i n g  upwards). Timing marks are l o c a l  t i m e  at  

. Woomera (=U.T. + 9% h o u r s ) .  

F i g .  6. Comparison of measured va lues  of t o t a l  f o r c e  w i t h  computed 
i 

f u n c t i o n  of h e i g h t ,  Left-SL 129; Right-SL 128, , 

measured va lues  of total force with c 

s a f u n c t i o n  of h e i g h t ,  Left-SL 129; Right-SL 128, 
0 .  

t '  A p r i l  1964 c o e f f i c i e n t s .  (Cain e t  al ,  1964) 
, I  

~ 

I 
I 
f _ -  Fig. 8 .  Megne+fc d i s c o n t i n u i t y  d e t e c t e d  by Skylark  SL 128. Left-upward 

f l i g h t ;  Right-downward.fl ight.  . 
.' , 
;. 
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